Abstract: The IUCN Red List is widely used to guide conservation policy and practice. However, in most cases the evaluation of a species using IUCN Red List criteria takes into account only the global status of the species. Although subpopulations may be assessed using the IUCN categories and criteria, this rarely occurs, either because it is difficult to identify subpopulations or because of the effort involved. Using the jaguar Panthera onca as a model we illustrate that wide-ranging species that are assigned a particular category of threat based on the IUCN Red List criteria may display considerable heterogeneity within individual taxa in terms of the level of risk they face. Using the information available on the conservation status of the species, we evaluated the jaguar's current geographical range and its subpopulations. We identified the most threatened subpopulations, using the extent of occurrence, area of occupancy, population size and the level of threat to each subpopulation. The main outcome of this analysis was that although a large subpopulation persists in Amazonia, virtually all others are threatened because of their small size, isolation, deficient protection and the high human population density. Based on this approach, future conservation efforts can be prioritized for the most threatened subpopulations. Based on our findings we recommend that for future Red List assessments assessors consider the value of undertaking assessments at the subpopulation level. For the jaguar, sub-global assessments should be included on the Red List as a matter of urgency.
Introduction
A ssessment of extinction risk is one of the most informative tools available to guide conservation policy and practice (Mace et al., ) . However, the specific facts and processes that lead to listing, assessing or delisting species are rarely available other than the schematic listings within the IUCN Red List or other national protocols. The IUCN Red List uses three categories of threat (Critically Endangered, Endangered and Vulnerable), which are assigned on the basis of quantitative criteria to reflect varying degrees of threats of extinction. Taxa that do not qualify as threatened but may be close to qualifying are categorized as Near Threatened, as are taxa that are likely to meet criteria for a threatened category if ongoing conservation action abates or ceases (IUCN, ).
In most cases, species evaluations are undertaken only at the global level. Although IUCN Red List assessments may be undertaken at the subpopulation level, following the proper categories and criteria (IUCN Standards and Petitions Subcommittee, ), these are often not implemented, usually because it is difficult to identify subpopulations or because of the effort involved. This is problematic, especially for species with a wide distribution range, because the categorization does not necessarily reflect the status of the species throughout its range (Wallace et al., ) . There are many species that have lost most of their habitat within their geographical range but do not qualify within these risk categories because they still maintain a wide range or a single large population. This is the case for the jaguar Panthera onca, the largest felid on the American continent.
Historically, the jaguar ranged across c. ,, km Acd or Acda. The main reason the jaguar is not assigned a higher risk category, such as Vulnerable or Endangered, is its wide geographical range, along with the fact that it still maintains a large subpopulation in the Amazon basin (Caso et al., ) . Assessment of subpopulations can help to draw attention to conservation priorities that may otherwise be obscured. We thus undertook such an assessment of the jaguar, and we present a methodology for identifying subpopulations within the species' range, and assessing each subpopulation against the IUCN Red List categories and criteria. We used available information on the jaguar's range and estimates of density to assess the species' conservation status throughout its range. Additionally, we developed a threat evaluation system to assess the level of threat for each subpopulation and to allocate conservation priorities. Our aims were () to estimate the current geographical range of the species and its subpopulations, () to estimate the size of the global population and subpopulations of jaguars, and () to identify the most threatened subpopulations throughout the jaguar's range. We illustrate that for wide-ranging species assigned to a particular category of threat on the IUCN Red List there may be considerable heterogeneity within the extinction risk for the taxon, and that assessments, especially for species with a wide distribution range, should be based on the level of threat for all subpopulations throughout the species' range. We hope this information will encourage assessors to consider the value of undertaking assessments at the subpopulation level.
Methods

Geographical range
To determine the jaguar's current range we compiled the most recent information on its distribution from all available sources. We included information from the Jaguar Conservation Units (Sanderson et al., ; Zeller, ; Rabinowitz & Zeller, ) , and published population maps for the range countries (Cavalcanti et Payán Garrido et al., ) . We mapped polygons to define jaguar subpopulations at the continental scale, delineated based on the information available for jaguar distribution in each country. Because the information was obtained from various sources, we recognized that criteria for defining subpopulation polygons in each country were dissimilar. For instance, subpopulations in Mexico and Brazil were delineated with detailed maps, using expert knowledge. In other cases we supplemented the Jaguar Conservation Unit information with published maps of the jaguar's range in each of its range countries. Using all this information we generated detailed geographical information system layers that represented the subpopulation polygons on a map. Although most of this information has not been published in peerreviewed journals, it represents the latest knowledge of the species' range based on assessments by experts working in the jaguar range countries.
We defined the polygons using the IUCN definition: geographically or otherwise distinct groups in the global population between which there is little demographic or genetic exchange (typically one successful migrant individual or gamete per year or less); a subpopulation may or may not be restricted to a region (IUCN, ; IUCN Standards and Petitions Subcommittee, ). As the taxonomic and genetic research indicated little difference among jaguar subpopulations (Larson, ; Eizirik et al., ; RuizGarcia et al., ) we defined the subpopulation polygons as discrete units following these criteria: () we considered only polygons . , km  , with the aim of including in the analysis only regions where resident subpopulations occurred; i.e. we considered only sites that could potentially contain a subpopulation of at least  resident jaguars, considering the lower density estimate throughout the species' distribution range (. jaguars per  km  ; Paviolo et al., ); and () we identified geographical, natural and anthropogenic barriers between the polygons, such as mountain ranges that potentially divide the polygons (the upper elevation limit of the species is , m; Caso et al., ), and urban areas and large areas modified by human activities. We considered subpopulations to be independent if the distance of habitat that was modified by human activities between a polygon and its nearest neighbouring polygon was .  km. For this we used the GlobCover land-use classification (Arino et al., ) . We reclassified the Natural and Semi-natural Terrestrial Vegetation layers as 'natural vegetation' and the Cultivated and Terrestrial and Management layers as 'intervened', according to the GlobCover land-use classification (Arino et al., ) . We assumed the polygons included both the Jaguar Conservation Units and the corridors under the scheme proposed by Rabinowitz & Zeller () .
Using the subpopulation polygons we delineated an approximation of the jaguar's current range at the continental scale. We estimated the extent of jaguar occurrence using the minimum convex polygon that enclosed the range of each subpopulation (IUCN Standards and Petitions Subcommittee, ; Joppa et al., ). Top-level predators such as jaguars are particularly threatened in regions of high human population density by direct persecution and habitat loss (Woodroffe, ; Cardillo et al., ) , and jaguar extinction can be predicted according to certain thresholds of human population density (Woodroffe, ) . Given these two factors, we estimated the jaguar's area of occupancy for each polygon, using a grid of the human population density in the Americas for the year  at a resolution of  arcseconds (c. To estimate the jaguar's range loss we contrasted our estimates of range and area of occupancy with the historical distribution of the species, based on the maps of Patterson et al. () . All geographical analyses were performed using ArcGIS . (ESRI, Redlands, USA).
Subpopulations
For each subpopulation polygon we estimated the total area covered, and we listed the biomes and ecoregions found within the polygon (Olson et al., ) . We compiled all published estimates of jaguar density based on camera traps, including those published in indexed journals, book chapters and technical reports. In total we included  density estimates from  studies from Mexico to Argentina, published during -. As the majority of camera trap studies of the jaguar do not meet the requirements necessary to produce unbiased density estimates, and probably overestimate densities (Tobler & Powell, ) , we conservatively corrected the estimate for each study using the inferior interval of the density estimate (subtracting the standard error from the density estimate reported). Each study was categorized according to the biome and ecoregion using the coordinates reported in the sources ( Table ) . For the polygons for which there were no available density estimates or estimates for a particular type of biome, we used the most conservative density estimate reported for the nearest polygon.
We defined a subpopulation as the estimated number of individuals in each polygon, and used the term population to refer to the sum of all subpopulations across the range (IUCN, ; IUCN Standards and Petitions Subcommittee, ). We estimated the subpopulation size for each polygon by extrapolating the density estimates to our layers of area of occupancy. For each polygon we performed two estimates of jaguar population size, based on our upper and lower area of occupancy scenarios. For these estimates we assumed that jaguar density declined linearly as the human population density increased (Woodroffe, ) . This implies that jaguar densities across the polygons were estimated for each cell in the area of occupancy maps using the linear regression formula y = xm + b, where y is the estimated jaguar density adjusted according to the human population density, x is the human population density (Center for International Earth Science Information Network et al., ), m is the constant rate at which jaguar densities decline as the human population density increases, and b is the jaguar density defined for each biome in each polygon ( Table ) . We used the Raster Calculator tool in ArcGIS . to estimate the jaguar density adjusted according to the human population density for each grid cell in the area of occupancy maps. Using the jaguar density values of each grid cell we estimated the number of jaguars for the biome or biomes contained in each polygon.
Importantly, jaguar density varies according to habitat type, prey availability, degree of fragmentation, season, and human disturbance. Also, density estimates based on camera trapping could be skewed, depending on how the methodology was used by various researchers throughout the range of the species (Tobler & Powell, ) . For these reasons our estimates of subpopulation sizes should be interpreted with caution because we are extrapolating from the available information to vast areas. However, our approach was robust because we extrapolated jaguar densities only for sites where the human population density was not .  (lower estimate) or .  people per km  (upper estimate), and assumed that jaguar densities were not homogeneous across the biomes (i.e. jaguar densities were adjusted according to the human population density across the polygon).
Assessment under the IUCN threat categories
Based on the extent of occurrence, area of occupancy and estimated population size, we assessed the conservation status of each subpopulation using the IUCN criteria (IUCN Standards and Petitions Subcommittee, ). We used this evaluation to illustrate the risk of extinction of each subpopulation independent of the conservation status of the other subpopulations. To conduct the assessments we evaluated each subpopulation against the five criteria: (A) declining population, (B) geographical range size, (C) small population size, (D) very restricted distribution, and (E) quantitative analysis of extinction risk (IUCN, ). Each subpopulation was categorized as Least Concern, Near Threatened, Vulnerable, Endangered or Critically Endangered.
As there is little information available about the recent decline of jaguars within the polygons, to apply Criterion A we estimated the species' area of occupancy in the recent past. For this we used the University of Maryland Land Cover Classification, developed from a collection of satellite . In a similar way we defined two scenarios for our estimation of area of occupancy in the recent past. Our lower and upper estimates were defined by obtaining the natural vegetation layers in each polygon from the University of Maryland Land Cover Classification and excluding the sites where human density was .  and .  people per km  , respectively, in . We rescaled the maps of area of occupancy in the recent past at the reference scale of  km  , and we estimated the percentage of range reduction for each polygon based on the estimates of the area of occupancy at present and in the recent past (IUCN Standards and Petitions Subcommittee, ). We set the generation time at  years, based on approximate age of maturity ( years for females and  years for males) plus half the length of the reproductive lifespan ( years; Eizirik et al., ; Quigley & Crawshaw, ), and thus past and future declines were estimated for a maximum period of  years. Criterion B was applied using our estimates of the extent of occurrence and area of occupancy of jaguars in each polygon. Criteria C and D were applied using the mean of our estimates of population size in each polygon and using the patterns of jaguar occurrence within the polygon according to our estimate of the area of occupancy. Criteria C and D were applied using the number of mature individuals, defined as the number of individuals known, estimated or inferred to be capable of reproduction (IUCN Standards and Petitions Subcommittee, ). Given that most studies of jaguar density report data on adult individuals only, we assume that our estimations of jaguar subpopulation size include only mature individuals.
Criterion E was applied using a population viability analysis in VORTEX v. .. (Lacy & Pollak, ) . To assess the subpopulations under this criterion we estimated the probability of extinction of each subpopulation based on their estimated population size and for time intervals of  years (three generations),  years (five generations) and  years. As most of the demographic parameters for jaguars are unknown, our generic model was based on the parameters used by Eizirik et al. () to model the viability of jaguar populations ( Table ) . We did not include catastrophes in our model, and we used  iterations in each subpopulation model.
Level of threat for jaguar subpopulations
To assess the level of threat for each subpopulation we developed a threat evaluation system, which was applied independently to each polygon. This system was based on five criteria: extent of habitat, degree of human disturbance, viability of the populations, isolation from the other subpopulations, and level of protection. Extent of habitat was based on the percentage of natural habitat contained in each polygon, calculated based on the remaining areas with natural vegetation in each polygon (Arino et al., ) . As the hunting pressure on large carnivores and their prey species is likely to be higher in areas of high human population density (Woodroffe, ; Dupain et al., ; Espinosa et al., ; Fa et al., ; Ziegler et al., ), we measured the degree of human disturbance using a human population density grid (Center for International Earth Science Information Network et al., ) and by calculating the mean human density in each polygon. To estimate the viability of the populations, we used our estimates of population size for each polygon and the criteria defined by Eizirik et al. () . Subpopulations with ,  individuals were considered to be non-viable, subpopulations with - individuals were considered to be viable in the medium term ( years, with % probability), and those with .  ])) × (N/(0.50 + N)) Number of offspring per female per brood 1-4 litters; 5% of females produce litter of 1 cub, 40% produce litter of 2, 30% produce litter of 3 and 25% produce litter of 4 Mortality of females 34% aged 0-1 years, 17% aged 1-2, 19% aged 2-3, and 20% adults Mortality of males 34% aged 0-1 years, 17% aged 1-2, 35% aged 2-3, 30% aged 3-4, and 30% adults
The jaguar's global conservation statusindividuals were considered to be viable in the long term ( years, with % probability; Eizirik et al., ). Degree of isolation was defined using the minimum distances to the four nearest polygons, and distances were estimated using the Proximity tools of ArcGIS .. The level of protection of each subpopulation was determined by the percentage of protected area within the species' range in each polygon; this percentage was estimated using the World Database on Protected Areas (UNEP-WCMC & IUCN, ). We overlaid our estimation of the species' range on the terrestrial protected areas of the American continent and estimated the percentage protected in each polygon. We included in this analysis the protected areas recognized by national governments, areas designated under regional and international conventions, privately protected areas, and territories conserved by indigenous people and communities, all of which met the IUCN and
Convention on Biological Diversity definitions of protected areas (UNEP-WCMC & IUCN, ).
We scored the level of threat for each subpopulation according to each of the five criteria. The highest level of threat for each criterion was assigned a score of , a medium level of threat was assigned a score of , and the lowest level was assigned a score of ; therefore, each population could get a maximum score of  and a minimum score of  (Table ) . Subpopulations with a final score of $  (equivalent to having more than three criteria with the highest threat score) were defined as having a high level of threat, those with a final score of - (equivalent to having more than one criterion with the highest threat score) were defined as having a medium level of threat, and those with a final score of #  (equivalent to having only one criterion with the maximum score) were defined as having a low level of threat.
Results
Current geographical range and level of protection
According to our estimates the jaguar's geographical range is c. ,, km  ( Table ) . Jaguars are still found in  countries across the continent, from northern Mexico to northern Argentina; they have disappeared from El Salvador and Uruguay and are practically extinct in the USA (Fig. ) . Using the area covered by the subpopulation polygons we estimate that the jaguar's geographical range has contracted by % in the last century. However, using our estimation of the area of occupancy, the situation is even worse; the area of occupancy is c. ,, km  and jaguar range may have decreased by % in the last century. Circa .% of the species' geographical range is protected. Brazil has the largest proportion of area protected (% of the jaguar's range), followed by Venezuela (%), Peru (%), Bolivia (%) and Colombia (%). We identified  subpopulation polygons of ,-,, km  . One subpopulation, in Amazonia, covers % of the species' global range ( Table ) . This means that jaguars have declined by c. % throughout their range outside Amazonia.
Population size We estimated the global population of jaguars to be c. , individuals ( Fig.  ; Table ) . The largest subpopulation, in Amazonia, comprises c. , individuals; the mean estimated population of the remaining  subpopulations is  ± SD . The Amazonian subpopulation represents c. .% of the total jaguar population, leaving only .% in the rest of the range.
Assessment of subpopulations using IUCN criteria Based on our assessment of the subpopulations using IUCN criteria, jaguars are threatened virtually everywhere except in Amazonia ( Fig.  ; Table  ). According to our assessment, and using the precautionary principle,  subpopulations should be categorized as Critically Endangered, and eight as Endangered. Only the Amazonian subpopulation maintains the status of Least Concern. Most subpopulations qualified for one of the threat categories under at least three criteria (C, D and E). (Fig. ) , with the area of the subpopulation polygon, the extent of occurrence (EOO) in each polygon, lower and upper estimates of the area of occupancy (AOO) in each polygon, and lower and upper estimates of the subpopulation size (no. of mature individuals).
No. Level of threat to subpopulations According to our evaluation most of the subpopulations faced a high level of threat ( Fig.  ; Table ) . We identified  subpopulations with scores that exceeded the threshold for a high level of threat, and  exceeded the threshold for a medium level of threat. Only the Amazonia, Araguaia and Selva Maya subpopulations scored as having a low level of threat. Most of the subpopulations with the highest levels of threat were in the southern portion of the species' range in Brazil and Argentina (n = ). Additionally, three subpopulations in northern South America had high levels of threat: in Santa Helena-Guayas in Ecuador, and in Paramillo San Lucas and Sierra Nevada de Santa Marta in Colombia. In Central America the subpopulations with the highest levels of threat were in Central Panama and the Honduras Caribbean. In Mexico the subpopulation with the highest level of threat was the Sierra de Tamaulipas ( Table ) .
Discussion
Our results support and provide greater robustness to prior assessments of range loss and population decline of jaguars at the continental scale (Sanderson et al., ; Zeller, ) . Jaguars have been extirpated from more than half of their original range in the last  years, and the most recent assessments of the regional and continental conservation status of the species have concluded that the jaguar continues to decline in much of its current range ( (for our upper estimate), and jaguar densities were adjusted according to the human population density.
The jaguar's global conservation statusdistribution and on a more precise historical range of the species. Our estimate of the jaguar's global area of occupancy yields a worse scenario than previous assessments had projected; according to our analyses jaguars have already disappeared from c. % of their historical range and the majority of subpopulations are Endangered or Critically Endangered.
Our global estimate of the jaguar population could be questioned as it is based on the extrapolation of localized density estimates to extensive areas, ignoring local conditions such as fragmentation, prey availability and varying levels of threat. However, our approach and estimate are realistic and conservative because we extrapolated jaguar densities only for sites where human population density did not exceed the threshold at which jaguar extirpation was predicted (Woodroffe, ) , and because we assumed that jaguar density decreased with increasing human population density. Furthermore, there are other estimates of local population sizes that suggest that our approach is reasonable (Tobler et al., ; Chávez et al., ; de Thoisy, ; Di Bitetti et al., ; Díaz-Santos et al., ; Espinosa et al., ; Figueroa et al., ; García-Anleu et al., ) .
Amazonia is the only remaining stronghold for the species, and several studies have highlighted the importance of this region for jaguar conservation (Sanderson et al., ; Sollmann et al., ; de Oliveira et al., ; Tobler et al., ) . Even this subpopulation is likely to be affected in the coming decades by deforestation and other threats because the region is rapidly being transformed by human activity (Rosa et al., , ; Coe et al., ; Morton et al., ) . Ochoa-Quintero et al. () predicted that by  only % of the landscapes in the Amazon will be able to sustain at least % of the focal species of mammals and birds, including the jaguar, as a result of habitat fragmentation.
Assessments of the conservation status of a species should not be based on, or affected significantly by, the existence of a single large subpopulation. Rather, conservation plans should be based on an integrated assessment of the species over its entire range (Ceballos & Ehrlich, ; Wallace et al., ) . Data based on only one subpopulation is likely to result in a biased assessment and the risk that all other subpopulations will become extinct. As most of the jaguar subpopulations are threatened and subspecific categorization has been rejected, we propose that jaguar conservation assessments should include not only one global category but should consider subpopulations/sub-global assessments. Data on only the range size of this species has biased the assessment, and conservation resources have not been allocated specifically for threatened subpopulations, given the species' global Near Threatened, rather than threatened, status. In addition, decline is accelerating in most subpopulations, and the causes of decline are still present, and therefore it is likely the jaguar will become more threatened in most of its range. The main threats to the species throughout its range are hunting, depletion of prey, and habitat loss and fragmentation (Sanderson et al., ; Caso et al., ; Haag et al., ) . Based on our evaluation of threats, conservation efforts for the most threatened subpopulations should be prioritized. Identification and implementation of corridors to maintain connectivity should be a priority in the polygons that have the highest degree of isolation and the lowest population sizes (Rabinowitz & Zeller, ) ; for example, subpopulations in the Atlantic Forest in Brazil and Argentina are threatened not only by their isolation and low numbers but also by low genetic diversity, lack of gene flow, and small effective population sizes (Haag et al., ) . Another priority is to plan reserves throughout the jaguar's range to ensure the long-term connectivity and conservation of most subpopulations. In most of the subpopulation polygons , % of the area is protected. Vast areas of high-quality habitat are required to ensure the viability of a jaguar population over the long term (Quigley & Crawshaw, ; Ceballos et al., ; Sanderson TABLE 6 The  jaguar subpopulations (Fig. ) , with values for each of the five criteria used to evaluate the level of threat to each subpopulation. ) ; however, few regions where the species currently ranges maintain protected areas that are large enough to ensure the protection of at least  jaguars, to guarantee population viability over the next  years (Eizirik et al., ) . Furthermore, many protected areas throughout the species' range have limited or no real protection. The jaguar is considered to be an umbrella, charismatic, and symbol or flag species in many conservation programmes throughout Latin America (Medellín et al., , ; Sanderson et al., ; Rabinowitz & Zeller, ) , and ensuring the protection of areas large enough to maintain viable populations of jaguars offers a unique opportunity to ensure protection of the biodiversity with which jaguars coexist (Thornton et al., ) . In areas that are threatened by high human densities and risk of habitat loss, sustainable development policies should be implemented to ensure the conservation of jaguar habitat and the well-being of human communities that coexist with this felid. Our analysis is the first to provide a global population estimate for the jaguar. It also establishes a basis for determining geographical conservation priorities for this iconic umbrella species based on the vulnerability of its individual populations. More detailed information is needed about the areas occupied by the species across its range. Additional density estimates for more biomes and ecoregions would also help to improve the definition of subpopulations, and more accurate estimates of the distances that jaguars can travel between fragmented landscapes would indicate where conservation efforts should be allocated. The sub-global assessments should be included under the IUCN Red List as a matter of urgency; we believe that consideration of our analysis, and further research, would result in a robust regional conservation strategy that could be designed and implemented by local conservation leaders across the species' range.
